The deleterious influence of sodium depletion upon circulatory efficiency and renal function is well known (1-5). Glomerular filtration rate and renal blood flow are generally decreased, sodium excretion declines to the vanishing point, and the ability to excrete a water load is impaired (4, 6). Dilutional hyponatremia, by contrast, is often attended by an increase in glomerular filtration rate and enhanced excretion of sodium (7, 8) , as well as by some decline in maximal urinary concentration of solutes (9).
The deleterious influence of sodium depletion upon circulatory efficiency and renal function is well known (1) (2) (3) (4) (5) . Glomerular filtration rate and renal blood flow are generally decreased, sodium excretion declines to the vanishing point, and the ability to excrete a water load is impaired (4, 6) . Dilutional hyponatremia, by contrast, is often attended by an increase in glomerular filtration rate and enhanced excretion of sodium (7, 8) , as well as by some decline in maximal urinary concentration of solutes (9) .
The present experiments, carried out on rats, were designed to explore the effect of hyponatremia induced by the removal of body sodium upon the ability of the kidneys to conserve water and to concentrate the urine maximally. Maximal urinary concentration was not diminished by merely removing sodium from the diet. However, rats depleted of sodium by peritoneal dialysis demonstrated a considerable fall in renal concentrating ability which resulted in striking losses of water from the body and eventual restoration of serum sodium at the expense of the volume of body fluids.
METHODS
Group I. The effect of a sodium-free diet upon renal concentrating ability. Eight male Sprague-Dawley rats weighing 240 to 290 g were fed a synthetic diet containing liberal amounts of sodium and were allowed food and water ad lib. for 6 days. At the end of this time, food and water were withheld and 100 mU of vasopressin suspended in peanut oil was injected subcutaneously. Urine was collected under mineral oil for 24 hours and *Aided by grants from the National Heart Institute (H-834), the American Heart Association and the Lawrence Gelb Foundation. Presented in part to the American Federation for Clinical Research, Atlantic City, N. J., May, 1960. t During the tenure of a USPHS postdoctoral fellowship.
t During the tenure of an Advanced Fellowship of the American Heart Association. § During tenure as an Established Investigator of the American Heart Association. its osmolality (Umax) was determined with a Fiske osmometer. The procedure was repeated on the same animals after they had received a diet containing no sodium for 6 days.
Twelve additional rats, weighing 290 to 310 g, were fed a sodium-free diet for 6 days, at the end of which Umax was determined. A diet containing adequate amounts of sodium was then allowed but, in order to keep the intake of protein and calories constant, only in amounts limited to those the same animal had consumed during its preceding sodium-free period. In this way each rat served as its own pair-fed control. After 6 days Umax was again measured.
Group II. The effect of severe hyponatremia upon renal concentrating ability. Nineteen rats (group Ha), weighing 375 to 425 g, were placed on a sodium-free diet. Subsequently a stainless steel cannula of the type described by Kolff and Page (10) , was sewn into the peritoneal cavity of each animal and the operative incision allowed to heal. The rats were then placed in individual metabolism cages so that the intake of food and water and the output of urine could be accurately measured. After 2 days of control observations they were subjected to peritoneal dialysis. The dialysis fluid consisted of 5 per cent glucose in water' containing 25 mEq per L of NaHCO,. (The latter was included to minimize acidosis as a result of losses of bicarbonate from the body during dialysis.) A volume of warmed fluid equal to 10 per cent of the body weight was instilled through the cannula into the peritoneal cavity and withdrawn after 2 hours. The procedure was then repeated. The amount of dialysis fluid removed at the end of the 4 hour period was approximately equal to that instilled. At the conclusion of the dialysis, serum sodium, blood urea nitrogen and hematocrit were determined on 0.5 ml of tail blood. Balance studies were resumed on the following morning. Following dialysis, 8 rats were given daily subcutaneous injections of 100 mU of vasopressin in oil for the remainder of the experiment.
Eight days after dialysis, the animals were sacrificed by aortic exsanguination. The shafts of both femurs were removed, cleaned of marrow and, after drying, analyzed for sodium using a Baird flame photometer. Samples of thigh muscle were dried, extracted with anhydrous ether and analyzed for sodium. Both kidneys were removed, fixed in formalin and examined for morphological changes. Hematocrit, serum sodium, serum CO2 content and blood urea nitrogen (11) were determined. Daily urine samples were analyzed for sodium, calcium (12) , urea or total nitrogen, and osmolality. The diuresis following sodium depletion was not altered by the daily administration of vasopressin in oil (Figure 4 ). Vasopressin prevented neither the weight loss nor the marked drop in urinary osmolality associated with hyponatremia. Similar experiments were performed, in which 1,000 mU of aqueous vasopressin was injected subcutaneously every 2 hours for 48 hours after the production of hyponatremia. The postdialysis diuresis was unaffected.
As suggested by other reports (1, 13, 14) , animals depleted of sodium developed a negative nitrogen balance which was more pronounced than that observed in controls ( Figure 5 ). Net urinary losses of potassium in the two groups was similar and proportional to net losses of nitrogen WT. gm.. in the approximate ratio of 3 mEq of potassium to 1 g of nitrogen.
Uosm
Bone sodium (Table II) was slightly lower in the sodium-depleted animals than in their controls; the losses of sodium from bone, however, were not nearly so striking as those observed in sodium depletion associated with acidosis (15) . Urinary calcium excretion and serum calcium levels were unaffected by dialysis, further suggesting that sodium depletion did not result in dissolution of bone. The average muscle sodium in depleted rats at the time of sacrifice was 7.65 mEq per 100 g fat-free dry solids (FFDS), compared with 8.23 mEq per 100 g FFDS in control animals.
Microscopic examination of the kidneys showed severe hydropic changes in the proximal tubules of all animals, with similar though less marked alterations in the distal convoluted tubules. Droplets of eosinophilic material were apparent in the tubular cells in these locations, and eosinophilic material was also present in the lumens of the collecting ducts. This material did not have the staining characteristics of a mucoprotein. Glbmeruli, vessels and collecting ducts appeared otherwise normal. The changes in cortical tubules resembled those described by Hamburger, Halpern and Funck-Brentano (16) 135 mEq per L and blood urea nitrogen rose to 50 mg per 100 ml. Maximal urinary osmolality declined, diuresis and weight loss ensued and serum sodium rose, in a manner entirely similar to that observed in the more severely hyponatremic rats of group Ha.
DISCUSSION
Hyponatremia produced in the rat by depletion of sodium results in a diuresis of urine of relatively low osmolality and negligible sodium concentration, which continues until the serum sodium is returned to normal. The increase in urine flow is not the result of an osmotic diuresis, since solute excretion actually decreases. Nor is it a consequence of diminished secretion of antidiuretic hormone. It is not prevented by injections of vasopressin and is clearly a reflection of a decrease in the ability of the kidneys to concentrate the urine.
A similar decrease in maximal urinary concentration has been observed in dilutional hyponatremia in dogs (9) and man (17) . Under these circumstances, there is frequently an increase in glomerular filtration rate or total solute excretion. In the present study, glomerular filtration rate was undoubtedly diminished by sodium depletion, and solute excretion was uniformly decreased. Acute decreases in glomerular filtration reduced maximal urinary concentration in dogs studied by Leaf, Kerr, Wrong and Chatillon (18) and Levinsky, Davidson and Berliner (19) . This was associated, however, with a decrease in urine flow, rather than the sustained increase in urinary output which we observed in hyponatremic rats. Other causes of impaired concentrating ability, such as potassium depletion, hypercalcemia and hypercalciuria, were excluded in the present experiments. Lowering the concentration of urinary sodium per se, by feeding a low salt diet, does not appear to change maximal urinary concentration of the rat, in the absence of hyponatremia.'
The mechanism of the decrease in concentrating ability induced by hyponatremia is not clear. It seems probable that the interstitial fluid of the renal medulla and papilla of hyponatremic rats is less highly concentrated in sodium than that of normal animals, either because of changes in renal medullary blood flow which reflect profound alterations in the systemic circulation, or because of a depression of active sodium transport by the medullary tubules.-
The degree of impairment of renal concentrating ability and its net effect upon body water and the concentration of serum sodium may vary from one species to another and even among individuals. An abrupt diuresis, loss of weight, and rise in serum chloride were observed by Semple in rats depleted of electrolytes by dialysis (22) . Darrow and Yannet (13) depleted three dogs of sodium by peritoneal dialysis; in one the serum sodium subsequently rose spontaneously from 129 to 140 mEq per L while it was on a salt-free diet, but hyponatremia persisted in the others. In a similar experiment in a dog, reported by Leaf and Mamby (23) , serum sodium also remained low and body weight was undiminished. Holmes and Cizek (24) and Cizek, Huang, Semple and Gregersen (6, 25) noted an increase in water intake and urinary output in sodium-depleted dogs; serum chloride, however, remained low when the animals were fed a low salt diet after dialysis. Hyponatremia induced in humans by sodium removal over several days commonly persists until salt is supplied (1). We are unaware of any detailed study of the effect of sodium depletion upon renal concentrating ability in human subjects.
It is of interest that the intake of water remained high in sodium-depleted rats even though extracellular tonicity was low, a state of affairs that might have been expected to reduce thirst (26) . Presumably, thirst was sustained under these circumstances by a response to contraction of the volume of extracellular fluid and blood or to other alterations in the circulation which may have been caused by hyponatremia.
Restoration of the concentration of sodium in extracellular fluid was accomplished almost entirely by losses of water from the body. The contribution of bone sodium to replacement of sodium deficits was negligible. This finding contrasts with studies in which sodium depletion was associated with acidosis (15) but is in accord with other experiments in rats in which (as in the present study) acidosis was minimized by placing sodium bicarbonate in the solution used for peritoneal dialysis (27) .
In addition to other implications, these experiments provide an interesting physiological example of at least one situation in which tonicity is preserved at the expense of body fluid volume. Rats apparently respond to severe hyponatremia by literally shrinking around their available sodium. This does not appear, however, to result from an adaptive reaction of the hypothalamic centers concerned with thirst and the secretion of antidiuretic hormone. It is rather a consequence of severe, reversible impairment of the renal mechanism for concentrating urine and conserving water.
SUM MARY
1. Rats depleted of sodium and rendered hyponatremic by peritoneal dialysis develop severe, reversible impairment of renal concentrating ability, resulting in increased urinary losses of water, rapid weight loss and eventual restoration of serum sodium to the normal range.
2. The contribution of bone sodium to replacement of sodium deficits under these circumstances is negligible.
3. Removal of sodium from the diet does not change maximal urinary concentration in the rat if serum sodium is unaltered and protein intake is kept con'stant.
